of these fibers are increased by comparable concentrations Mittman. Correlation of effects of general anesthetics on somato-of halothane ( Campbell et al. 1995 ) . As reviewed below, sensory neurons in the primate thalamus and cortical EEG power. the literature demonstrates that cells at each level of the J. Neurophysiol. 77: 1375Neurophysiol. 77: -1392Neurophysiol. 77: , 1997. The effects of two types somatosensory system may show even more pronounced of general anesthetic on the neurophysiological properties of the effects of anesthesia.
Some of the earliest studies conducted on this issue were frontal cortex electroencephalographic (EEG) power and spectral on spinal neurons. A dose-related decrease of spontaneous properties. Graded doses of the intravenous agent methohexital activity of dorsal horn neurons by 2-3% halothane, with a sodium (METH) were studied in 12 cells in three monkeys on a halothane baseline anesthetic. Low doses of METH (0.2-1.0 mg/ parallel reduction in the responses to noxious and nonnoxkg) produced a reduction of EEG power but had no effects on ious mechanical stimulation of the skin, was observed in spontaneous or evoked thalamic activity. EEG power showed maxi-cats (deJong et al. 1969 (deJong et al. , 1970 , and monkeys (deJong and mal attenuation after 2.0 mg/kg METH, whereas decreases in thal-Wagman 1968). Thiopental and propofol produced many of amic activity were first noted over a similar moderate dose range the same effects as halothane on cat dorsal horn and medul-(2.0-5.0 mg/kg). The physiological parameter most sensitive to lary neurons over a dose range of 2.5-10.0 mg/kg body wt METH was the spontaneous activity, which showed initial changes (Kawahara et al. 1982; Kishikawa et al. 1995; in rate and pattern at moderate doses followed by marked inhibition al. 1975; . However, complicating the at higher doses. Finally, the high dose of METH (10.0 mg/kg) picture, nitrous oxide had little effect on spontaneous activity produced marked reduction in all neurophysiological parameters with recovery over the following 30-45 min. The effects of the while producing a decrease in cutaneous evoked responses volatile anesthetic halothane were studied on 15 cells in four mon-of primate spinal neurons (deJong and Wagman 1968) ; and keys anesthetized with pentobarbital sodium. The low dose of halo-still others found little effect of supplemental doses of pentothane (0.25%) produced a facilitation of responses to cutaneous barbital on receptive field (RF) properties of monkey dorsal stimuli as well as a decrease in the rate and burst patterns in the horn neurons until after administration of excessive doses spontaneous activity. The power in the EEG was not affected at (10-20 mg/kg) (Hori et al. 1984) . Complicating the issue this concentration. The responses of the cells to the mechanical further, in some cases responses to noxious thermal and stimuli at moderate doses (0.5-1.0%) of halothane returned to mechanical stimuli of spinal neurons in cats could be unthe baseline magnitude, whereas spontaneous activity remained unaffected compared with initial effects. EEG power was reduced masked by administration of anesthetic doses of pentobarbiby 1% halothane. Finally, all neurophysiological parameters tal (Collins and Ren 1987; Collins et al. 1990 ).
showed profound reduction at the highest halothane concentrations Similar to the studies at the spinal level, there is some (2.0-3.0%) with recovery over the next 30-45 min. In conclusion, disagreement between the effects reported for anesthesia in the two classes of anesthetics most commonly used for acute neuro-the thalamus. Poggio and Mountcastle (1963) reported that physiological studies in the primate show well-defined thresholds RF characteristics of primate thalamic neurons did not at which changes in the response properties of thalamic neurons change with increasing anesthetic depth, whereas Perl and are produced. This threshold for the barbiturates and halothane can Whitlock (1971) were suppressed by increasing doses of chloralose, pentobarbital (Harris 1978) , or urethan (Guilbaud et al. 1981) . HowNeurophysiological studies conducted in anesthetized ever, it was also reported that RF sizes and responses of animals have contributed to our understanding of the mechlow-threshold rat thalamic neurons are increased in parallel anisms underlying somatosensation over the past several with anesthetic depth (Guilbaud et al. 1981) . Finally, a reyears. Nevertheless, anesthesia presents the potential to cent report indicated that the frequency of nociceptive speconfound the interpretation of a single experiment as well cific cells sampled in the thalamus of rats was increased for as the more general application of the findings on the underanimals under pentobarbital versus awake animals (Monstanding of sensory mechanisms in awake animals. For tagne-Clavel and Oliveras 1995), whereas no such differexample, although primary afferent fibers are relatively reences in the types of raccoon thalamic cells were found sistant to the effects of pentobarbital sodium, chloroform, under varying anesthetic states (Simone et al. 1993 ). ether, urethan, and alcohol at doses that produce surgical anesthesia ( Larrabee and Posternak 1952 ) , the responses Neurons in the primary somatosensory cortex of rats by inhalation of halothane (1.5-2.0%). A surgical level of anesthe-(Armstrong-James and Callahan 1991; Armstrong-James sia was determined by establishment of areflexia to noxious stimuand George 1988; Collins and Roppolo 1980; Diamond et lation. Once anesthesia was deep, the monkeys were paralyzed al. 1992) and monkeys (Duncan et al. 1982) show decreases with pancuronium bromide (0.1 mg/kg) and artificially ventilated.
in spontaneous activity and RF size with increasing anesthe-Throughout the remainder of the surgical preparation this level was tic depth. Anesthetic-induced effects in cat primary somato-periodically checked by examining pupillary size and continuously sensory cortex were reported to be less with chloralose than monitored by recording expired CO 2 , blood pressure, and heart with pentobarbital (Harding et al. 1979) . Others (Chapin rate. End-tidal CO 2 was kept between 3.5 and 4.5%, and core and Woodward 1981) reported that strong arousal produced temperature was maintained between 37 and 38ЊC by a servoa slight increase in responses of primary somatosensory neu-controlled heating blanket. The animals were mounted in a stereotaxic apparatus and a partial craniectomy was made. At the conclurons in awake rats, and that awake animals had a higher sion of the surgical procedures, the rate of anesthetic administration level of spontaneous activity than anesthetized animals (Niwas reduced to establish the recording baseline. The infusion of colelis and Chapin 1994). These results contrast with those pentobarbital was set at 3-5.0 mgrkg 01 rh 01 and the halothane of ethanol, which had little effect on the properties of priconcentration was set to 0.75-1.0% (1 minimum alveolar concenmary somatosensory cortical neurons up to a dose of 2.5 g/ tration). Adequacy of this baseline was established by occasionally kg body wt (Collins and Roppolo 1980) . allowing the neuromuscular blockade to dissipate and ensuring Two main issues arise from review of these previous stud-areflexia to all stimuli. At all other times adequacy of the baseline ies. First, there remains a substantial level of disagreement level was determined by ensuring the stability of expired CO 2 , about the effects of anesthesia at all neural levels, most blood pressure, and heart rate. especially at the higher levels of the system such as the thalamus, where the system also appears most readily af-Recording procedures fected by anesthetics. Second, it is not clear that a standardExtracellular activity of thalamic neurons was monitored with a ized method for assessment of the depth of anesthesia has low-impedance (500 kV to 1 MV) glass-coated platinum-iridium been established for most if not all experimental animals.
electrode. Unit activity was amplified and observed on storage Indeed, many of the observed differences between experioscilloscopes and fed to a computer running a neurophysiological ments are likely due to differences in the depths of anesthesia data acquisition and analysis package (Brainwave Systems, Disat which animals in different laboratories have been held. covery package, Version 3.0). Unit activity was discriminated from Thus it would be of great benefit to establish a measure that background and stored for later analysis. Spike size and configurawould ensure a stable and uniform level of anesthesia both tion were continuously monitored to confirm that activity of the within as well as between experiments.
same cell was recorded throughout the experiment. The EEG was
The goal of this set of studies was to address the two recorded by a stainless steel monopolar electrode placed 5 mm into the frontal cortex (apex of the genu of the arcuate gyrus).
issues detailed above. First we sought to clarify part of the This region of cortex was chosen primarily because of the shift in controversy on the effects of anesthesia on the neurophysiodominant EEG power to the frontal regions from the posterior logical properties of somatosensory neurons by studying the regions of cortex in monkeys as they enter ''surgical'' levels of effects of wide cumulative dose ranges of two types of genanesthesia (Tinker et al. 1977) and thus ensured the recording of eral anesthetics, an intravenous and a volatile general anes-a ''maximal'' cortical signal. Also, the anatomy of the arcuate thetic, on the spontaneous activity and evoked responses of gyrus allowed placement of the EEG electrode at a precise, consisneurons in the ventral-posterior thalamus of the monkey. tent location in each experiment. The EEG signal was also digitized Second, measurement and analysis of electroencephalogram and stored on computer for later analysis. A taped backup of all (EEG) spectral properties has proven itself as a useful tool data was collected (Vetter model 4000 PCM recording adapter and for assessing and ensuring adequate anesthetic depth in hu-Panasonic model VRG260 VCR). man beings in the operating room environment (Hering et al. 1994; Jessop and Jones 1992; Nayak et al. 1994 ). So we Cutaneous stimuli sought to determine in this study whether EEG power or After collection of 2 min of spontaneous activity, the responses spectral properties of the frontal cortex ipsilateral to the of all cells to a series of mechanical stimuli applied to the skin thalamic nucleus under study could be used as a tool for were determined. Before application of these stimuli, crude RF predicting anesthetic effects on thalamic neurons in the labo-boundaries were mapped with innocuous and noxious mechanical ratory.
stimuli with the use of a camel hair brush, finger taps, and brief applications of arterial clips to the skin. Depending on RF size, anywhere from two to five test points spanning the RF were chosen M E T H O D S and marked with ink for delivery of the cutaneous stimuli. One site near the center of the RF (most responsive site) was chosen
Surgical procedures
for all cells. If the RF size permitted, two other sites, one proximal and one distal, within the RF were also selected. Finally, one or All procedures were consistent with the guidelines of the International Association for the Study of Pain and the National Institutes two sites on or very near the initial boundaries of the RF (minimally responsive sites) were chosen. All mechanical stimuli were then of Health guide for the care and use of laboratory animals. Adult male monkeys (Macaca fascicularis) between 5.0 and 10.0 kg applied to all sites throughout the experiments on each cell.
The mechanical stimuli included brushing the skin with a camel were tranquilized with ketamine (10.0 mg/kg im) during transportation to the laboratory and insertion of an intravenous canula. hair brush in a stereotyped manner and then sustained applications of different sized arterial clips to a fold of skin. The largest clip Surgical anesthesia was then either induced by an intravenous dose of pentobarbital (10.0 mg/kg) and later maintained by intravenous produces a sense of sharp, innocuous pressure, the medium clip produces a sense of sharp, firm pressure near threshold for pain, infusion of pentobarbital (5.0 mgrkg 01 rh 01 ), or induced by a bolus dosage of methohexital (5.0 mg/kg) and later maintained and the smallest clip is distinctly painful when placed on human skin. Each stimulus set began with recording of background activity EEG POWER AND SPECTRAL ANALYSIS. A 1-min block of EEG activity at the baseline recording and at each treatment period was for 10 s and then the first stimulus was applied to test point 1 for 10 s; after a 10-s pause, the first stimulus was applied to test point collected before application of any sensory stimuli. A periodogram of the power in each signal (sample frequency 200 Hz, high-pass 2 for 10 s, and so on until the first stimulus had been applied to all test sites. Similar sequences were then followed for the other filter open, low-pass filter 400 Hz, no decimation) was generated by fast Fourier transform (Welch method, 8 segments, 4,096 stimuli. Care was taken to ensure the brush stimuli were delivered in a stereotyped manner on each occasion and the responses to the points). Total power, median frequency, spectral edge frequency, and the power in each band were calculated. The ranges used to compressive stimuli were recorded while allowing the clips to hang freely from the skin.
define each band were as follows: very low: 0-1 Hz; d: 1-3.5 Hz; u: 3.5-7.5 Hz; a: 7.5-12.5 Hz; sleep spindle: 12-14 Hz; b1: 14-17.5 Hz, b2: 17.5-25 Hz; very high: 25-100 Hz. The changes in responses for individual EEG recordings were based on inspection
Anesthetic administration
of the raw traces alone without statistical analysis. The effects for the population were calculated by the use of the values for each After the baseline recordings the animals were exposed to graded recording as detailed above combined into treatment groups. Difadministrations of either the intravenous anesthetic methohexital ferences were then calculated with the use of the Wilcoxon test. sodium (METH) or the volatile anesthetic halothane. The animals maintained on a baseline of halothane received bolus infusions of ANALYSIS OF SPONTANEOUS ACTIVITY PATTERNS. Stationarity methohexital at 0.2, 1.0, 2.0, 5.0, and 10.0 mg/kg at intervals of of each signal was first determined by the median runs test. After Ç30 min. The pentobarbital-maintained animals received halo-computation of firing rate and interspike interval (ISI) histograms, thane by inhalation at 0.25, 0.50, 1.0, 2.0, and 3.0% vol/vol con-spontaneous activity was analyzed first to determine whether cells centrations. The responses to all cutaneous stimuli were recorded were undergoing bursting activity and to determine the character over a period of 2-5 min following each METH dose, whereas of that bursting activity. The presence of two peaks in the ISI the responses to the mechanical stimuli after each halothane dose histogram was taken as preliminary evidence that the cell was were recorded over a similar time span but after also allowing firing in bursts of action potentials. Higher-order ISI histograms 15 min of equilibration for the new gas concentrations. After the were then computed. An nth-order histogram measures the interval recording of responses at the highest anesthetic dose a recovery between n / 1 consecutive action potentials so that high-frequency period was allowed until mean EEG frequency and spectral edge bursts containing more than n action potentials were identified by returned to the baseline level, and responses to the cutaneous stim-looking at nth-order interspike histograms (Lenz et al. 1994; Perkel uli were again collected. et al. 1967) . A quantitative measure of high-frequency bursting activity was derived by calculating the percentage of ISIs in nthorder histograms that were õ5 ms. If bursting activity was identi-
Data analysis
fied in this manner, subsequent tests were carried out to determine the characteristics of that activity. MECHANICAL RESPONSES. The stored digital record of unit activInterest was focused on high-frequency bursts of the type associity was retrieved and analyzed off-line. Accumulated frequency ated with calcium spikes. Bursts of this type have a very high histograms were generated for the responses to all sensory stimuli. frequency of firing (1st ISI in burst°5 ms) and progressive lengthBackground activity was calculated as a mean value (and analyzed ening of interspike times throughout the burst (Deschênes et al. in detail as described further below) and subtracted from the re-1984; Jahnsen and Llinás 1984; Roy et al. 1984) . These bursts sponses obtained after each stimulus. The responses evoked at each were identified by a computerized algorithm on the basis of the cutaneous site were broken into 100-ms segments for the entire durations of a sequence of ISIs (Lenz et al. 1989 (Lenz et al. , 1994 ; McCarley 10-s duration of each stimulus. Significance of responses to each et al. 1983) . Indexes of burst firing such as rate of bursting, numsensory stimulus at each site was determined by comparisons be-bers of action potentials in a burst, duration of the first ISI in a tween the segment values during 10 s of spontaneous activity com-burst, duration of the burst, etc. were determined for individual pared with the equal number of segments obtained at each response cells (Domich et al. 1986 ). Finally, the techniques of primary (Student-Neuman-Keuls test). Cells were defined as NS when sta-event analysis were applied to determine whether the increase in tistically significant responses to the small clip but not to brush or bursting activity of cells was accompanied by an increase in nonthe large clip were found. LT cells were defined as those with a burst firing of these cells (McCarley et al. 1983 ). significant increase in firing to brush but not to the small clip. WDR cells were defined as those with a significant increase in firing to all three mechanical stimuli and a significant increase in R E S U L T S firing rate with increasing stimulus intensity. MR cells were defined
Effects of anesthetic baseline on physiological
as those with a significant increase in firing to all three mechanical stimuli compared with background but without a significant in-organization of thalamus crease with graded stimulus intensity.
The nonhuman primate thalamus has previously been Differences between the baseline responses for each cell to each sensory stimulus after each anesthetic dose were also determined shown in awake animals to be physiologically organized by analysis of variance on the segment values over each response such that cells responding exclusively to stimulation of deep period (Student-Neuman-Keuls test). The responses for each cell tissues, joints, and limb movements are anterior to regions were considered to have changed from baseline when two or more of cells responding to cutaneous stimuli (Kaas et al. 1984;  cutaneous stimulation sites showed a significant (P õ 0.05) change Poggio and Mountcastle 1963). Our results and those of in the same direction (elevation or inhibition). Finally, the effects previous investigators have shown that this basic organizaof the anesthetic doses on each stimulus over the population of all tion is not altered when studied in the anesthetized preparacells were determined by totaling the response of each cell at all tion (Friedman and Jones 1981; Kenshalo et al. 1980;  stimulus sites into a single value (total response) for each condi- Mountcastle and Henneman 1952; Perl and Whitlock 1971) . ) and halothanemaintained (r r r) animals at different anteroposterior distances through the thalamus. D: anterior-posterior coordinates of the location of the most anterior trajectory in which units responding to innocuous touch were identified. Shaded regions on the drawings in E (pentobarbital animals) and F (halothane animals) indicate the types of receptive fields (RFs) that were encountered; numbers by the drawings indicate the depth from the surface of the brain at which the corresponding neurons for these RFs were recorded. LT, low-threshold (brush only) responses; MR, multireceptive neurons; WDR, wide-dynamicrange neurons, NS, nociceptive specific neurons.
shalo et al. 1980) but more often as concentrated toward the classification were encountered. As detailed in Table 1, the proportions of LT, WDR, MR, and NS cells were not differposterior-inferior zone of the cutaneous receptive area (Lenz et al. 1988) . Figure 1 summarizes the basic physiological ent between the two groups as determined with a x 2 analysis. organization of thalamic cells consistent with each of these previous studies as we observed under both pentobarbital Effects of anesthetics on responses to mechanical stimuli and halothane anesthesia. An additional note to this basic organization uncovered in this study was that the distance EFFECTS OF METH. Figures 2-4 show representative responses of two cells and a summary of the responses for all anterior to the intraural zero point at which cells responding only to innocuous cutaneous stimuli were located (the ven-cells tested after infusion of bolus doses of METH while the animals were maintained on a background of halothane. In troposterolateral nucleus core) correlated with body weight of the animals. The core region of ventroposterolateral nu- Fig. 2 the responses of two representative neurons, one an NS cell the other an LT cell, to graded doses of METH are cleus in the smallest animals studied (5-6 kg) was located 8.0 mm anterior to the intra-aural zero, whereas in larger illustrated. The responses of the NS neuron are shown in Fig. 2 , left. The RF of the NS cell was a small area confined animals this site became more anteriorly displaced. In addition, we discovered that the baseline anesthetics did not have to the tip of digit 4 as shown on the drawing of the limb in Figure 2 , right, shows the responses of the LT neuron to higher doses of METH. This cell showed responses only to The values in each cell indicate the numbers of cells of each response brushing of the skin (responses to compressive stimuli not class that were identified during surveys of the somatosensory thalamus of shown) at sites 1-4 in the RF diagrammed on the drawing animals on a baseline anesthesia of either pentobarbital or halothane. x 2 Å of the leg in Fig. 2 , bottom. The lowest dose of METH had 4.180036, df Å 3, P õ .242689. LT, low threshold; WDR, wide dynamic range; MR, multireceptive; NS, nociceptive specific.
no effect on the responses of the cell to brushing or on the spontaneous activity of the cell. However, the 5.0-and 10.0-of histograms, the cell showed no or very little response to mg/kg doses had clear effects on both the spontaneous activthe brush stimulus at either sites 1 or 2, but the compressive ity and the mechanically evoked activity. As shown in line stimuli elicited clear responses from site 1 only. Site 2 was 4, the decrease of mechanically evoked activity was uniform therefore considered as outside the RF of this cell. The hori-over the entire RF. The effects of graded METH on the responses to the mechanical stimuli for all cells tested are shown in Fig. 3 . The bar graphs in Fig. 3A show the data in spike rates, whereas in Fig. 3B the data are expressed as mean percentages of baseline. Figure 3C also shows data in spike rates; however, this plot is organized to show the effects on the mean stimulus-response functions of thalamic neurons at each anesthetic dose. As shown, the low doses of METH (0.20-1.0 mg/ kg) had no significant effects on the spontaneous activity or responses to any of the mechanical stimuli. The first noticeable decreases in the spontaneous and evoked activities were observed after the 2.0-mg/kg bolus. After the 5.0-mg/ kg dose, a significant reduction in the spontaneous activity and in the responses to brush, large clip, and medium clip was observed. Finally, after the 10.0-mg/kg dose, a significant reduction in the responses to all stimuli, including the noxious small clip, was observed. The responses to all stimuli and the spontaneous discharge rate returned toward baseline after a recovery period of 30-45 min.
Although the graded METH doses produced profound reduction of the responses of the cells when scaled to the highest levels, this decrease appeared to be produced without alteration of RF margins. Figure 4 shows the quantification of this observation by detailing the reductions in responses to the cutaneous stimuli by graded METH at the stimulus sites distributed over the RFs of the cells. As expected, the center of the RF showed the largest magnitude of reduction in responses. The reductions shown at the margins are in proportion to the baseline response at that site, yet sites initially responsive tended to remain responsive across our dose scale.
EFFECTS OF HALOTHANE. Figure 5 shows a representative cell illustrating the effects of graded concentrations of halothane on the responses to mechanical stimuli, whereas the effects of halothane on all cells are shown in Figs. 6 and 7. The representative cell shown in Fig. 5 had spontaneous activity when isolated that averaged 2.8 spikes/s and responses to all mechanical stimuli when applied to sites on the posterior aspect of the left hindlimb as illustrated in Fig. 5 , bottom. The cell responded best to innocuous brush, but also showed modest responses to the compressive stimuli when they were FIG . 3. Summaries of the effects of graded doses of METH on the spontaneous activity and the responses of thalamic units to mechanical stimulation of the skin. A: bar graphs summarizing the mean (spontaneous activity) or total spikes/s (mean { SE) evoked by each stimulus at each experimental condition such that the left group of bars shows the data for the spontaneous (Spont.) activity, whereas the groups of bars from left to right show the data for activity evoked by brush (BR), large clip (LC), medium clip (MC), and small clip (SC), respectively. Data at each treatment condition are shown by the bars of different shading patterns (see key at top right of the figure) . B: spontaneous and evoked activity of each experimental condition expressed as mean { SE of percentage of the baseline (100%) value. The data in B for each stimulus modality are summarized by the different symbol and line drawings (see key at top left of the figure) ; different doses of METH are indicated by the points on the X-axis. The data in C are spike rate data as in A, but here the data are organized so that effects of the various doses on the mean stimulus responses functions of the neurons can be observed. The responses to each stimulus appear in columns labeled across the bottom of the figure; each line and symbol plot correspond to data at different anesthetic concentrations. Points of statistical difference are only shown for the bar graphs. In each case the comparisons are between the responses at a given dose and the baseline value. Single asterisk: P õ 0.05. Double asterisk: P õ 0.01. applied to the center of the RF (sites 2 and 3). Administration simultaneously the evoked responses showed an increase. Incrementation of the halothane concentration to 0.5-1.0% produced of 1% halothane for 15 min produced a small decrease in the spontaneous discharge rate of the cell to 2.4 spikes/s, but little further effect on the spontaneous activity of the cells; however, the small facilitation in responses observed at the lowest produced a noticeable increase in the discharges evoked by the cutaneous stimuli. Of note, most cells showed these in-concentration became lost and in fact a small inhibition of the responses to most stimuli started to be observed. Once the concreases in responses to the cutaneous stimuli at lower doses of halothane (see below). When the halothane concentration centration was raised to 2%, inhibition of the spontaneous activity and the responses to all stimuli was observed. These effects was raised to 2% for 15 min, the spontaneous activity became nearly absent, now averaging only 0.98 spikes/s. Similarly, were even more pronounced at 3% halothane. The responses to all mechanical stimuli showed ready recovery within 45 min the responses to the mechanical stimuli, although present at all previously sensitive sites, showed clear reductions from of termination of the halothane administration. However, the spontaneous activity of the cells showed very slow recovery. the baseline magnitudes. The decrease in activity became profound after administration of 3% halothane for 15 min, so
The effects of the halothane on the responses to the mechanical stimuli over the whole of the RF are summarized in Fig. 7 . that spontaneous activity (0.27 spikes/s) and the responses to the mechanical stimuli were all but eliminated. The re-As noted above, the lowest concentration of halothane produced a small facilitation in the responses of the cells to the mechanical sponses to the mechanical stimuli showed complete recovery 30 min after termination of the halothane administration; how-stimuli. Observation of Fig. 7 indicates that this facilitation was due to a small increase in the responses of the cell from stimuli ever, the spontaneous discharge rate did not resume over the recovery period for this cell.
applied to the margins of the RF boundaries, whereas little effect was produced on the responses evoked from the center of the Figure 6 shows the results of graded halothane administration for all cells combined. The bars in Fig. 6A show the RFs. The inhibition in responses was produced globally over the RF, with responses in most cases proportional at all responsive data in spike rates (mean and SE) organized so that data for each modality are grouped. The line diagram in Fig. 6B sites. There was no clear evidence for a reduction in RF size until at the very highest dose (3%). shows the mean responses as a percentage of the baseline values. Finally, Fig. 6C shows the data in spike rates, but in contrast to METH was not exceeded by higher doses of METH (see below). All effects of METH showed recovery to baseline levels 30-45 min after the final METH dosage. The effects of METH shown by the representative example are reiterated by examination of the data for all recordings as summarized in Fig. 8 , C, E, and F. In Fig. 8E the mean total power in the EEG is plotted for each treatment condition. As shown, even though it is not entirely clear from the representative periodograms, a significant reduction in mean total power was produced at even the lowest doses of METH tested. The reduction in power was greater at 1.0 mg/kg METH and maximal after the 2.0 mg/kg doses. Consistent with the representative examples, the mean total power showed recovery to baseline levels 30-45 min after the last dose.
A more detailed summary of the effects of incremental METH on EEG power for each band range is shown in Fig.  8C . The power in each band was attenuated at the lowest dose of METH given, and this inhibition remained essentially constant after the dose was scaled to 1-2.0 mg/kg. Dosage at 5.0 mg/kg produced a further noticeable drop in power for each band; however, the reductions were especially marked in the u-, a-, b-, and high-range frequency bands. Finally, at the highest dose (10.0 mg/kg) further marked decreases in power for each band were produced, all of which showed recovery to near the baseline values within 30-45 min.
In Fig. 8F , a second measure of the effects of METH on the EEG power spectrum is shown by detailing the effects on the spectral edge (the frequency at which lies the boundary encompassing 95% of the total power in the signal). The baseline spectral edge was found at Ç19 Hz. The initial dose of METH (0.2 mg/kg) caused this edge to decline to just under 14 Hz, and 1.0 mg/kg METH caused further suppression of the signal power to Ç6 Hz. Maximal inhibition of the spectral edge was produced by the 5.0-and 10.0-mg/kg boluses, when 95% of the EEG power was concentrated to õ1.5 Hz. The spectral edge measured 30-45 min after the last METH dose showed only partial recovery. EFFECTS OF HALOTHANE. Periodograms showing representative effects of halothane are presented in Fig. 8B . The animals in this series, as in the previous one, showed gross FIG . 6. Summaries of the effects of graded doses of halothane on the spontaneous activity and the responses of thalamic units to mechanical stimulation of the skin. A : bar graphs summarizing the mean (spontaneous activity ) or total spikes / s ( mean { SE ) evoked by each stimulus at each experimental condition such that the left group of bars shows the data for the spontaneous (Spont.) activity whereas the groups of bars from left to right show the data for activity evoked by the brush, large clip, medium clip, and small clip, respectively. The data at each treatment condition are shown by the bars of different shading patterns ( see key at top left). B: spontaneous and evoked activity of each experimental condition expressed as mean { SE of percentage of the baseline ( 100%) value. The data in B for each stimulus modality are summarized by the different symbol and line drawings ( see key at top left ) ; different doses of halothane are indicated by the points on the X-axis. The data in C are spike rate data as in A, but here the data are organized so that effects of the various doses on the mean stimulus responses functions of the neurons can be observed. The responses to each stimulus appear in columns labeled across the bottom of the figure; each line and symbol plot correspond to data at different anesthetic concentrations. Points of statistical difference are only shown for the bar graphs. In each case the comparisons are between the responses at a given dose and the baseline value. Single asterisk: P õ 0.05. Double asterisk: P õ 0.01. EEG patterns composed of both low-amplitude high-fre-band. Recovery of EEG power to near the baseline level was shown 45 min after termination of halothane administration. quency waves and high-amplitude low-frequency waves. The periodograms showed power concentrated over the fre-
The summarized effects of halothane on mean EEG power quency range of 0-50 Hz. However, comparison of the are shown in Fig. 8E by the plot with square symbols and scales indicates that the baseline EEG power for animals on dotted lines. As expected on the basis of the differences in the pentobarbital baseline (later receiving graded halothane) the EEG periodograms, the baseline total power was less was considerably lower than that for animals held on the for the animals in which the halothane dosing scheme was examined than in those animals that received the METH halothane baseline (later receiving graded methohexital dosages. The very low concentrations of halothane produced doses). This difference in baseline states can also be seen little change in power from the baseline values. The first by examination of the summary figures (Fig. 8, D-F) . The marked change in the population mean was produced after lowest concentrations (0.25 and 0.50%) of halothane did administration of 1% halothane, with only a small further not produce marked changes in either gross EEG or in the decrease produced by administration of 2% halothane. In periodograms for power (not illustrated). At 1% halothane contrast, a marked, maximal reduction in EEG power was the gross EEG showed the first noticeable reduction in highproduced by administration of 3% halothane. Partial recovfrequency waves, and examination of the periodograms over ery in mean power was observed 45 min after discontinuathe middle-frequency ranges (15-40 Hz) also shows a notion of halothane administration. ticeable decrease in EEG power. The gross EEG at 2% halothane showed an absence of high-frequency waves and peri- Figure 8D shows the effects of halothane on the power in the individual bands of the EEG in more detail. The ods of loss in the slow wave activity consistent with burst suppression. These changes are noted in the periodograms baseline power values for the 0-to 1-Hz and d-bands were comparable with that observed in the METH administration by the decreases in the distributions of power above 20 Hz. Finally, the gross EEG was essentially flat at 3% halothane, experiments. The differences between the gross EEG patterns and mean total power are explained by the relatively which is also reflected by the marked decrease in EEG power noticeable across the periodograms of the whole frequency lower levels of power in the a-, b-, and high-frequency bands for the halothane-treated animals compared with the burst activity. At the lowest doses of METH a trend toward an increase in the percentage of first-order ISIs in the 5-to METH-treated animals. Halothane at a concentration of 0.25% produced a noticeable decrease in power in the 0-to 10-ms window was observed. However, over the middle dose ranges a trend toward a decreasing percentage of first-1-Hz and u-bands. The next noticeable changes in power of the bands was observed in the d-band at 1% halothane, and order ISIs in the 5-to 10-ms range was observed, with a significant decrease in this percentage found following the then in the u-and a-bands at 2%. A marked decrease in power for all bands was produced by 3% halothane. Interest-10.0-mg/kg dose. There was no obvious change in the frequency of second-order ISIs until the depression in freingly, power in the low-frequency bands was reduced to the same values by the maximal halothane concentrations as by quency following the highest METH dose (10.0 mg/kg).
The frequency of both first-order and second-order ISIs rethe maximum METH doses, whereas halothane had a smaller maximal effect on the high-frequency bands than did METH. turned to the baseline values in the recovery period. This pattern of ISI changes suggests an increase in bursting with Figure 8F shows the effects of halothane on the mean spectral edge. The differences between the baseline anesthe-increasing anesthetic concentration.
The data in Fig. 9A indicate that many of the cells obtic level of the halothane-treated versus the METH-treated group are apparent. Indeed, the suggestion from this figure served in the METH series had ongoing bursting activity when found, and the bursting tended to be increased after is that the infusion rate of pentobarbital used to establish the baseline for the halothane experiments produced an anes-the lowest METH boluses and then suppressed at the higher concentrations. The data in Fig. 10 , which examines properthetic state comparable with that produced by a bolus of 2.0 mg/kg METH on top of the baseline of 0.75-1.0% halo-ties of burst activity shown by all cells in this series, confirm the observations based on the ISI distributions. In this part thane. The additional doses of halothane had no effect on the spectral edge for this treatment group. Additionally, no of the analysis the spike train was scanned for bursting activity by a computer algorithm previously used to define this change in spectral edge was produced over the recovery period.
activity in human thalamus (Lenz et al. 1994) . Specifically, these indexes defining a burst were the following: the interval preceding the first action potential in the burst had a Effects of the general anesthetics on the structure of duration of 20 ms; the interval after the first action potential spontaneous discharge activity in the somatosensory had a duration of 6 ms, and the burst ended on an action thalamus potential preceding an ISI of 15 ms. The group mean for the total number of bursts per minute detected with this EFFECTS OF METH. As noted in the first section of RESULTS, administration of graded doses of METH ultimately resulted algorithm over the drug series is summarized in Fig. 10A .
The baseline recordings were found on average to contain in an attenuation of mean spontaneous discharge rate of the cells in the primate sensory thalamus. However, a thorough 31.3 bursts per minute. This number was significantly increased after the addition of METH over the doses of 0.2-analysis of the effects of anesthetics on the spontaneous activity of cells in the primate thalamus requires more than 2.0 mg/kg. However, a profound reduction in bursts as defined above was produced by 5-10.0 mg/kg METH. This just an examination of the overall discharge rate; rather, it requires an analysis of the discharge pattern. For example, inhibition of bursting was only partially restored over the recovery period. neurons in thalamus have two modes of discharge, the relay and burst modes, and the burst mode may be composed
In Fig. 10B , the changes in total bursting activity observed with METH are seen as paralleled by the incidence of patof a particular type of burst associated with low-threshold calcium spikes ; Jahnsen and Llinás terns consistent with low-threshold calcium spike bursts Jahnsen and Llinás 1984; Roy et al. 1984; Roy et al. 1984; Steriade and Llinas 1988) . Each of these states may be distinguished on the basis of discharge 1984). The indexes used to define this type of burst were also as used previously in studies of human thalamus (Lenz pattern.
The first step in the analysis of discharge pattern was to et al. 1994). The burst patterns were analyzed for an initial period of inhibition followed by a high-frequency pattern examine the stationarity of the spike trains by the median runs test. Detailed analysis of the spontaneous discharges that was followed by decelerating frequency of the spikes (Domich et al. 1986; McCarley et al. 1983 ). This type of was performed only over segments in which a stationary spike train was observed. First-order ISI histograms analyzed bursting was present in 23% of the baseline records and increased to 67% after 0.2 mg/kg METH. The incidence of by a Kolmogorov-Smirnov statistic for the spike trains in the METH-treated animals showed that none of the baseline the low-threshold calcium spike patterns was more sensitive to inhibition by additional barbiturates than overall bursting, discharge patterns were distributed in a Poisson manner. Indeed, non-Poisson distributions were found for all samples because this property was observed in only 39% of the cases after 1.0 mg/kg METH and in only 31% of the cases after in all cells except in one case following 10.0 mg/kg METH. This one cell reverted back to a non-Poisson discharge pat-2.0 mg/kg METH. Low-threshold calcium spike patterns became nearly absent after 5-and 10.0-mg/kg boluses of tern in the recovery period. Figure 9A shows a summary of further data abstracted from the first-and higher-order ISI METH, but returned to near baseline levels in the recovery period. histograms for all cells tested with METH. The baseline recordings showed that Ç25% of all first-order ISIs were Figure 10 , C and D, shows the grouped data for the mean preburst interval and the mean principle spikes per second. õ5 ms. Additionally, Ç10% of all second-order ISIs were°1 5 ms. Thus a very significant proportion of the cells The increasing values of the mean preburst interval reflect the overall decreasing frequency in the bursting behavior of observed in the baseline records had ongoing high-frequency J369-6 / 9k0e$$mr12 09-02-97 13:52:40 neupa LP-Neurophys J369-6 / 9k0e$$mr12 09-02-97 13:52:40 neupa LP-Neurophys trains to essentially zero frequency after 1.0 mg/kg, whereas the shorter-duration bursts were not equally suppressed until the doses of 5 and 10.0 mg/kg. Thus METH appeared to more potently suppress the longer-duration bursts than the bursts of shorter spike trains.
EFFECTS OF HALOTHANE. The ISI analyses for the cells in the halothane series also showed that all baseline recordings and all but one of the recordings obtained after halothane administration showed non-Poisson distributions. One cell showed conversion to a Poisson distribution after administration of 0.50% halothane, sustained this pattern with increases in halothane to 2.0%, and then resumed a non-Poisson pattern in the recovery period. Further examination shows that the percentage of cells with first-order ISIs occurring in the range of 5-10 ms was 15-20% of the population, which was much lower than that observed for the cells in the METH series. Similarly, the percentage of second-order ISIs occurring in the range of 10-15 ms was also somewhat less than in the METH series. The halothane series was further different, in that as the concentrations of halothane were increased the overall tendency shown by the cells studied was to increase the percentage of cells with short first-and second-order ISIs. Indeed, the percentage of cells with firstorder ISIs õ5 and 10 ms was significantly greater than baseline when the animals were maintained at 2 and 3% halothane. The increase in the percentage of short first-order ISIs was not fully reversed in the recovery period. The detailed examination of burst characteristics in Fig.  10 also reveals differences in the effects of halothane as opposed to METH. The mean baseline rate of bursting in the halothane series was 74%, which was somewhat higher than that found in the METH series. Halothane showed no enhancement of bursting but instead produced a graded suppression of burst activity, such that by the highest doses  FIG . 9 . Line diagrams showing the mean { SE for the percentages of bursting became nearly absent (Fig. 10A) . Further, unlike 1st-order interspike intervals (ISIs) (1st ISI) and 2nd-order ISIs (2nd ISI) METH, halothane did not as significantly affect the freoccurring in different time distributions of the spontaneous activity recorded quency of low-threshold calcium spike patterns (Fig. 10 B) . halothane concentrations the low-threshold calcium spike patterns became totally suppressed. The effects of halothane on the incidence of and type of bursts on the cells in this the cells as shown in Fig. 10A . The additional observation of a decrease in the mean principle spikes per second indi-series were reversed in the recovery period. Figure 10 , C and D, indicates that the effects of halothane cates that the graded doses of METH, in addition to reducing the frequency, also reduced the numbers of spikes outside of on the overall rates of discharge of the cells were comparable with the effects of METH. The increase in the mean preburst the bursts, thus producing an overall decrease in spontaneous discharges as shown in Figs. 2 and 3 . This may account for interval and decrease in the principal event rate reflect the slowing in the incidence of bursts and the decrease in overall the incrementation in the preburst interval. Finally, Fig. 10 , E and F, shows the effects of graded METH on the mean discharge rate of the cells. Finally, halothane had little effect on the number of spikes per burst because in fact most bursts bursts per second with spike trains of varying lengths. The graded doses of METH suppressed the bursts of longer spike consisted of doublets of spikes (Fig. 10, E and F) . with results later described in the unanesthetized monkey (Loe et al. 1977) and human (Lenz et al. 1988) . One main finding of this study was that anesthesia with A disappointment in our results is the low incidence of pentobarbital versus halothane did not affect the general or-NS cells observed in the primate thalamus. Indeed, the seemganization of response profiles of neurons in the primate ing rarity of these cells has been a problem that has chronithalamus. Additionally, the proportions of each type of thala-cally plagued studies of nociception at the level of the thalamic neuron (LT, WDR, MR, NS) were equivalent under mus (e.g., Kenshalo et al. 1980 ) with only few exceptions both types of baseline anesthetics. In each group, the most (Chung et al. 1986 ). An explanation for the difficulty in anteriorly located cells responsive to sensory stimuli were finding this type of cell in the primate thalamus is particuactivated by stimulation of deep tissues or by movement of larly elusive when one considers that spinothalamic cells the limbs. Posterior to this, a layer of cells responsive to identified by antidromic activation from this same region are deep stimuli was observed in the dorsal part of the thalamus, almost universally nociceptive. For example, a series of with cells responsive to innocuous cutaneous stimuli more ú300 spinothalamic neurons recorded over several years' ventral. Finally, in the most posterior areas of the thalamus time yielded only 4 cells that were classified as nonnocicepwe found a mixture of cells responsive to both innocuous tive (P. M. Dougherty and W. D. Willis, unpublished obsercutaneous stimuli alone (LT cells) and cells responsive to vations). It is possible that NS neurons in the thalamus noxious cutaneous stimuli (WDR, MR, and NS cells). The represent a physically small-sized cell population that is most medial regions of the thalamus were characterized by poorly sampled with our choice of microelectrodes. Alternacells responsive to stimulation of the face and perioral body tively, the NS cell population is not found in the ventral surfaces, whereas cells in the most lateral regions responded posterior region proper, but instead may be concentrated in to stimulation of the hindlimb and tail. This type of organiza-a recently described more medially located thalamic nuclear tion in the macaque thalamus is consistent with earlier re-group (Craig et al. 1994) . ports from anesthetized preparations (Mountcastle and HenIn contrast to the lack of differences produced on somatotopy, the two anesthetics had quite distinct effects on the neman 1949 , 1952 Perl and Whitlock 1971) , as well as J369-6 / 9k0e$$mr12 09-02-97 13:52:40 neupa LP-Neurophys physiological properties of the thalamus and cortex. The to suppress the middle-frequency band powers and spared the very low-and very high-frequency bands until the highspontaneous activity of thalamic neurons was one the most sensitive physiological parameters affected. Both groups est doses. This clear sparing of high-frequency power is most likely the reason supplemental halothane failed to affect the showed ongoing spontaneous activity that averaged Ç6 Hz under the baseline anesthetic level. However, these baseline spectral edge, and further suggests that the baseline level of barbiturate suppressed the high-frequency bands whereas the rates differed in that the barbiturate-anesthetized group had an initial burst rate that was almost 3 times higher than halothane baseline left these intact. Thus the two classes of anesthetics investigated in this study had remarkable differthat of the halothane-anesthetized group. Over the baseline anesthetic, methohexital produced a unimodal decrease in ences in almost all neurophysiological parameters we measured until very high doses of each were given resulting in overall rate as well as a paradoxical increase in bursting discharge pattern. This increase in bursting at low doses of global suppression of all indexes.
Overall, our results with each class of compounds are methohexital included an increase in bursts with a pattern suggestive of low-threshold calcium spikes (Deschênes et consistent with many, but not all, of the results presented by others. For example, the stability of the RFs we observed al. 1984; Jahnsen and Llinás 1984; Roy et al. 1984) . It was only after high methohexital doses that all activity was with increasing doses of METH was also reported for both spinothalamic (Hori et al. 1984) and thalamic units in the inhibited. Halothane over the barbiturate baseline, on the other hand, produced a unimodal suppression of overall monkey after increasing doses of pentobarbital (Poggio and Mountcastle 1963) . Similarly, the decrease in spontaneous background rate and bursting. Thus barbiturates appear to produce increased bursts, whereas halothane reduces these activity followed by decrease of the discharges evoked by cutaneous stimulation is consistent with the effects of thioevents.
The two classes of anesthetics also differed in their effects pental on spinal cord neurons in cats (Kitahata et al. 1975 ). However, in one detail our results differ from those preon the responses of cells to the cutaneous stimuli. The baseline response magnitudes for animals on barbiturates, al-viously reported by Hori et al. (1984) on primate spinothalamic neurons: we never found any enhancement of rethough statistically not different, were nevertheless on average smaller than those for animals in the halothane group. sponses to mechanical stimuli after low doses of METH as they did with pentobarbital. In fact, the observation of Hori The baseline level of responses in the halothane-treated group was most comparable with the level of responses ob-et al. is most consistent with the observation that barbiturates lower pain thresholds in humans until an anesthetic dose is tained after the 2.0-mg/kg bolus in the barbiturate-treated group. Over the baseline anesthetic effects, methohexital re-achieved (Clutton-Brock 1961; Dundee 1960 ). An explanation for our apparent discrepancy with these findings may be duced the responses of thalamic neurons to mechanical stimuli in a stereotyped graded unimodal fashion. Meanwhile, that neurons at different levels of the neuraxis have varying sensitivities to the effects of the barbiturates. Alternatively, halothane affected the responses of thalamic neurons in a biphasic manner, producing inhibition of responses after pro-a more plausible explanation may be based on the differences in the expected pharmacokinetics of the two drugs. The more ducing initial small increases. Methohexital tended to produce the greatest effects on the responses to the innocuous lipophilic methohexital would be expected to have a faster penetration to the nervous system and thus a shorter, more cutaneous stimuli, with the responses to the noxious mechanical stimuli being affected only at the highest doses, whereas abrupt onset of effects in the CNS. Pentobarbital, on the other hand, would have a slower penetration and onset of the inhibitory effects of halothane were most marked for the responses to the noxious stimuli, which became absent while full effects. Thus, of the two agents, a potential excitatory effect at a low dose would be more readily observed with the responses to the innocuous stimuli were still present. Finally, although the inhibitory effects of methohexital were pentobarbital than with methohexital. However, we cannot conclude that the barbiturates reduced RF size of the cells greatest on the responses to the mechanical stimuli at the margins of the RFs, all areas of the skin initially responsive in our study, because the spontaneous activity of most cells dropped to almost nothing at lower doses than those at which continued as such over all doses, whereas areas of the initial RFs of the cells in the halothane series became unresponsive the barbiturates had their effects on the mechanical responses. Thus, even at very high doses of the barbiturates, to all stimuli at the high halothane concentrations. Thus we could not conclude that methohexital produced an inhibition a few spikes could be elicited from all areas of skin that were originally sensitive by most mechanical stimuli, with of RF size whereas halothane did produce a reduction.
The two anesthetics also differed in effects on the cortical the possible exception of the lightest compressive stimulus. An increase in bursting of neurons in the thalamus with EEG. The initial power for the animals on the barbiturate baseline was much lower than that for those animals on bolus of barbiturates was previously reported for the cat ventroposterolateral nucleus (Baker 1971) and with the onthe halothane baseline. Further, as supplemental doses of anesthetics were given, methohexital produced a very steep set of normal sleep from wakefulness (Glenn and Steriade 1982; Steriade et al. 1971) . Burst frequency with METH decline in total power and spectral edge frequency with even very low doses. Supplemental halothane, in contrast, pro-dropped precipitously after the 1.0-mg/kg bolus, which was half to one fifth the amount needed to suppress the mechaniduced only a gradual decrease in total EEG power and no effect at all on spectral edge. Finally, supplemental metho-cal-evoked discharges of the cells. Thus burst frequency in the monkey maintained on barbiturate could be used as an hexital produced a more or less uniform effect on all frequency bands in the EEG except for a sparing of power in indicator for a level of anesthesia at which somatosensory neurons could be studied while avoiding a confounding inthe u-, sleep spindle, and very high-frequency bands until the highest doses. In contrast, supplemental halothane tended fluence of anesthesia. This same physiological parameter was previously reported as an indicator of stable anesthesia measured by EEG and thalamic unitary activity in the cat anesthetized with urethan (Steriade et al. 1994 ). Thus EEG for somatosensory studies in the rat maintained on urethan (Armstrong-James and Callahan 1991). On the other hand, parameters appear to provide very sensitive indicators that could be used to reliably titrate the anesthetic depth to a the burst pattern of thalamic cells would not be as reliable a predictor of possible confounding effects of halothane in point at which production of alterations in the physiological properties of thalamic somatosensory neurons is avoided. the thalamus.
Our results with halothane are also, for the most part, Halothane, like METH, also produced marked decreases in EEG power, yet in a much more gradual manner than consistent with those of previous studies. The bimodal effects of halothane on the responses of somatosensory neu-METH. Nevertheless, total power was reduced to half the original value by administration of 1.0% halothane, at which rons have been reported for dorsal horn neurons in cats (deJong et al. 1969; Mori et al. 1972 ) and in monkeys (de-point only the responses to the most innocuous compressive stimuli showed reduction. Spectral edge was not at all useful Jong and Wagman 1968). Similar increases in the responses of both A-mechano-heat and C-mechano-heat primary affer-in predicting anesthetic effects with halothane, showing no change from the original level with increasing concentraent fibers of monkeys have been observed with halothane but not pentobarbital (Campbell et al. 1995) . Inhibition of tions. It is of some note that the original level of the spectral edge was approximately the same as that measured after the the background activity followed by decreases in the responses to cutaneous stimuli was reported in the cat ventro-2.0-mg/kg bolus of METH, indicating that the baseline level of anesthesia produced by the maintenance in the halothaneposterolateral nucleus at 0.5-2.0% (Simons and Carvell 1989) , and at 0.5-3% in the cat dorsal horn (deJong et al. treated group (5.0-mgrkg 01 rh 01 infusion of pentobarbital) was somewhat lower than that established in the METH-1969; Namiki et al. 1980 ) and monkey dorsal horn (deJong and Wagman 1968) . Finally, the RFs in monkey ventropos-treated group (0.75-1.0% halothane). The baseline responses to the mechanical stimuli agree well with this hyterolateral nucleus were found in this study to be reduced in size, similar to the RF size in monkey and cat dorsal horn pothesis. On the other hand, the near equivalence between the baseline total power dampens this straightforward con- (deJong and Wagman 1968; deJong et al. 1969) .
A key goal of this experiment was achieved in that a very clusion, but rather suggests that halothane affects the EEG power spectrum in a very different manner than the barbitusensitive indicator of anesthetic depth found in this study was based on the analysis of EEG power spectra. Various rates. Examination of the power in the individual bands supports this contention. Of final note, analysis of the power in characteristics of the EEG have been investigated for use in assessing the depth of anesthesia in humans and animals. the individual bands does not appear a reliable predictor of anesthetic depth for either barbiturate or halothane anestheMaintenance of the median frequency of the EEG õ5 Hz in the human has been suggested as ensuring an adequate sia. Each treatment group showed small but inconsistent changes in power of individual bands until at the very highest level of surgical anesthesia (Jessop and Jones 1992). However, the median frequency parameter does not appear as doses tested. However, as detailed above, anesthetic administration at this level produced marked changes in the physiouseful when assessing anesthesia level when opioids are used as the principal anesthetic agent, as during cardiac surgery logical properties of somatosensory thalamic neurons.
In conclusion, the barbiturates represented in this study (Nayak et al. 1994) . For example, intravenous midazolam combined with ketamine produces an increase in median by METH, and the gaseous anesthetics represented by halothane, each appear to have fairly wide therapeutic windows EEG frequency at doses producing sedation (Hering et al. 1994) . Power spectral analysis of the EEG has been sug-over which they may be used to produce deep anesthesia while leaving the physiological properties of somatosensory gested as the better measure of anesthetic depth in humans (Nayak et al. 1994) ; and one parameter extracted from such neurons in the primate thalamus unaffected. However, both types of agents when administered in excess also produce an analysis, the EEG spectral edge (the point defining the 95% limit of the total EEG power), has proven the most marked alterations in the somatosensory thalamus. Use of power spectral analysis of the cortical EEG provides a sensireliable indicator of anesthetic depth in horses (Johnson et al. 1994 ). In the monkey, surgical anesthetic depth has been tive tool to quantify anesthetic depth and thus allow titration of anesthetic depth to any particular desired level. assessed by measuring the relative power between the anterior and posterior cortical areas, with a shift to anterior domi-of vibrissal information in the rat. II. Spatiotemporal convergence in the thalamic ventroposterior medial nucleus (VPm) and its relevance to was reduced to one third of the baseline level. As mentioned generation of receptive fields of SI cortical ''barrel'' neurones. J. Comp. above, this dose of barbiturate was well below that which Neurol. 303: 211-224, 1991. produced changes in either spontaneous or evoked activity ARMSTRONG-JAMES, M. AND GEORGE, M. J. Influence of anesthesia on sponin the thalamus, and reiterates early studies indicating a distaneous activity and receptive field size of single units in rat SMI neocortex. Exp. Neurol. 99: 369-387, 1988. sociation between the physiological activity of the cortex J369-6 / 9k0e$$mr12 09-02-97 13:52:40 neupa LP-Neurophys
